The placenta plays an important role in the regulation of maternal to fetal transfer of toxic substances, including nonessential metals. Metallothioneins (MTs), which are known to have protective effects against heavy metal toxicity, exist in the placenta, but the exact localization of placental MTs (both MT-I and MT-III) and their physiological role in the placenta exposed to mercury are unclear. The present study was performed to examine the localization of MTs and mercury granules in the placenta of mice exposed to mercury vapor. On gestational day 16, MT-I & II-null and wild-type mice were exposed to mercury vapor at 4.9 to 5.9 mg/m 3 for 2 hours. At 24 and 48 hours after exposure, the placentas were examined for mercury distribution (autometallography), MT immunoreactivity, and MT mRNA expression (in situ hybridization). No histological changes were observed in the placentas of either MT-null or wild-type mice. Mercury deposition was demonstrated along the boundary between the junctional zone and the labyrinth zone, as well as in the yolk sac, maternal decidual cells, and labyrinth trophoblasts of both MT-null and wild-type mice. MT-I & -II immunoreactivity, which was confined to wild-type mice, was demonstrated in the yolk sac and decidual cells; mercury was also shown in both structures, suggesting that mercury granules were bound to MTs. MT-III mRNA expression was observed in the yolk sac, decidual cells, and spongiotrophoblasts in both MT-null and wild-type mice. There was, however, no evidence of MT at the boundary between the junctional and labyrinth zones, where substantial mercury deposits were demonstrated. These results suggest that placental MTs and the other unknown molecules may be related to the barrier to the placental transfer of mercury.
INTRODUCTION
During pregnancy, the placenta plays a major role in the transfer of essential nutrients from the mother to the embryo and also in protecting the embryo from toxic substances, including nonessential toxic heavy metals such as cadmium and mercury. Essential metals, including zinc and copper, are easily transferred to the embryo; however, there is limited transfer of cadmium across the placenta (Levin et al., 1987; Lau et al., 1988) . High mercury deposition was shown in the placenta of the rat given HgCl 2 , whereas there were lower levels of HgCl 2 in the fetus (Yang et al., 1996) . These results suggest that transfer of toxic metals such as cadmium and mercury to the fetus are limited by the placenta.
Mercury is released into the environment in numerous forms: metallic mercury, inorganic mercury, and organic mercury. Mercuric mercury (Hg 2+ ) has toxic effects not only on adult male and nonpregnant female animals (Chang, 1979) , but also on fetuses. Even at lower dose levels, mercuric mercury may affect embryonic development and cause fetal malformations in pregnant rodents (Chang et al., 1980) . It has been shown that Hg 2+ accumulates in the placenta of the mouse and inhibits the fetal uptake of certain essential metabolites (Danielsson et al., 1984) .
There is increased awareness of the hazards of mercury exposure to the fetus and infant during critical periods of neuronal development (Ramirez et al., 2003) . Maternal exposure to elemental mercury vapor results when mercury is released during the purification of gold in mining communities or from dental amalgam fillings during mastication. Elemental mercury has been shown to accumulate in the fetus similar to methyl mercury; however, relatively little information is available on the toxicity of inhaled mercury vapor for the pregnant female and the fetus.
Poisoning from mercury vapor has occurred in occupational accidental exposure, exposure of the general population, and dental mercury vapor from personal dental amalgam fillings (Vimy et al., 1988) . Mercury concentrations in the placentas and fetuses of mice following exposure to metallic mercury vapor were higher than those following injection of mercuric chloride (Khayat and Dencker, 1982; Ogata and Meguro, 1986) . Mercury vapor in the blood may pass easily through the blood-brain and blood-fetus barriers. It is generally believed that the transfer of toxic metals to fetuses is limited by the placenta; however, the precise mechanism for this is not clear. Metal binding proteins, including metallothioneins (MTs), may be involved in the defense mechanism of the placenta (Morgan et al., 2002) .
MT is a low-molecular-weight cysteine-rich protein that can bind essential metals such as zinc and copper and toxic heavy metals such as cadmium and mercury (Kagi and Kojima, 1987) . MT plays an important role in the homeostasis 520 SHIMADA ET AL.
TOXICOLOGIC PATHOLOGY of essential metals and exercises a protective effect against heavy metal toxicity by binding and storing the metals. Detection of MT can be used as a biomarker of metal exposure. There are 4 isotypes of MT: MT-I, -II, -III, and -IV. The presence of MT protein in the human placenta and fetus membranes was first described in 1984 (Waalkes et al., 1984) . In the human placenta, MT immunoreactivity was demonstrated in syncytiotrophoblasts lining the villi, villous interstitial cells and small arterioles, maternal decidual cells, and amniotic epithelium (Goyer et al., 1992) . After perfusion with cadmium, MT protein and MT mRNA levels in the villous core and fetal endothelial cells increased, while their levels in trophoblast cells remained low (Breen et al., 1994) . In the rat, MT-I immunoreactivity was found in the trophoblastic labyrinth, spongiotrophoblast, and visceral yolk sac, and the intensity of MT immunoreactivity increased in the placental labyrinth (Hazelhoff Roelfzema et al., 1989) . Thus, levels of MT in the placenta are influenced by metal exposure. In the mouse, intense MT-I and -II immunoreactivity was localized in the cytoplasm of spongiotrophoblasts, glycogen cells, visceral yolk sac, trophoblast giant cells, and maternal decidual cells (Lau et al., 1998) . In situ hybridization demonstrated MT-I mRNA expression in placental spongiotrophoblasts, the primary and secondary decidual zone, and the visceral yolk sac (De et al., 1989) , as well as MT-III and MT-IV mRNAs in the maternal secondary decidual zone (Liang et al., 1996) . The exact role of placental MTs in maternal to fetal transfer of toxic metals including mercury is yet to be elucidated. Recently, MT gene knockout mice (MT-null mice) that do not express MT-I and MT-II genes have been established (Michalska and Choo, 1993; Masters et al., 1994) , and the mice are used for the study of the function of MT (Stankovic et al., 2003) . The purpose of this study was to examine the localization of both exposed mercury and MTs (MT-I, -II, and -III) following exposure to mercury vapor in the placenta using MT-null and wild-type mice.
MATERIALS AND METHODS
Animals and Exposure to Mercury (Hg • ) Vapor: MT-I and -II-null mice and wild-type OLA129/C57BL6 control mice were kindly provided by Dr. A. Choo. Mating was achieved by placing a male and two females in the same cages overnight. The animal facility was maintained under a light/dark cycle of 12 hours, with a temperature of 24 ± 1 • C, relative humidity of 55 ± 10%, and negative atmospheric pressure. The mice received mouse chow and filtered tap water ad libitum. When they reached day 16 of pregnancy, the animals were used in this experiment. Animals received humane care throughout the experiment according to the National Institute for Environmental Studies guidelines for animal welfare.
Eight MT-null and 6 wild-type mice were exposed to mercury vapor as a group for 2 hours, as described previously (Yoshida et al., 1997 (Yoshida et al., , 1999 . Mercury concentration in the exposure chamber (20 liters) was measured once at 1 hour by the air sampling method (Lindstedt and Skerfving, 1972) and was found to be 4.9 to 5.9 mg/m 3 . Three or 4 mice were sacrificed under diethylether anesthesia and fetuses were removed immediately from the uterus at 24 and 48 hours after exposure to mercury vapor. Tissues for histological examination were fixed in 10% neutral buffered formalin.
Autometallography: Paraffin sections were stained for mercury by autometallography (Danscher and Moller-Madsen, 1985) . The sections were pretreated with 1% potassium cyanide for 2 hrs to eliminate nonspecific staining from silver sulphides or selenides (Pamphlett and Waley, 1996) , and then placed in a physical developer containing 50% gum Arabic, citrate buffer, hydroquinone, and silver nitrate at 26 • C for 40 minutes in the dark. Excess silver was removed by 5% sodium thiosulphate. The sections were counterstained with hematoxylin. The reaction product was seen as small black grains of silver surrounding an invisible mercury core within the tissue.
Histopathology and Immunohistochemistry: The placental tissues fixed in 10% neutral buffered formalin were embedded in paraffin, sectioned at 3 µm, and stained with haematoxylin and eosin (HE).
Immunohistochemistry was performed on 3-µm paraffin sections. The primary antibody used in this study was MT monoclonal antibody ( In situ Hybridization for Demonstration of the MT-III mRNA: In situ hybridization for the demonstration of the MT-III mRNA was performed on formalin-fixed specimens, as previously described (Kojima et al., 1998) . The 186b RNA sense and antisense probes for the MT-III from a pPCR-MMT3S plasmid, containing the MT-III coding and noncoding sequences 2021-2206 of the MT-III DNA, were labeled with digoxigenin-UTP (Boehringer Mannheim Biochemica, Germany) (Suzuki et al., 1998) . The paraffin sections (5 µm) were mounted on 3 -aminopropyltriethoxysilane-coated slides, dried at 60 • C overnight, and stored at −80 • C. The sections were brought to room temperature (RT), deparaffinized with xylene, rehydrated through graded ethanol, and treated with 10 µg/ml proteinase K at 37 • C for 15 minutes. Subsequently, they were acidified with 0.2 N HCL at RT for 20 minutes, postfixed with 4% paraformaldehyde at RT for 15 minutes, neutralized with 0.2% glycine twice at RT for 10 minutes, and acetylated with 0.25% acetic acid in 0.1 mol/L triethanolamine at RT for 10 minutes. The concentration of the digoxigenin (DIG)-labeled antisense and sense MT-I and MT-III mRNA probes was adjusted to 5 ng/µl in a hybridization buffer containing 10 mmol/L Tris-HCL, 50% hormamide, 1 X Denharft's solution, 0.6 mmol/L NaCL, 1mmol/L EDTA (pH 8.0), 200 µg/ml yeast tRNA, 100 µg/ml sperm DNA, 5% dextran sulfate, and Vol. 32, No. 5, 2004 MERCURY AND METALLOTHIONEIN IN PLACENTA 521 0.25% SDS. Hybridization was carried out overnight at 48 • C in a humid chamber. Slides containing serial sections were hybridized in parallel with each of these antisense and sense probes. After hybridization, the slides were washed twice in FIGURE 1.-Localization of mercury in the placenta of wild-type mice (a) and MT-null mice (b) at 24 hours after exposure to Hg • vapor. Note accumulated mercury granules in deciduas, the boundary between the the junctional and labyrinth zones (arrow heads), and the yolk sac (Y). (c) Higher magnification of (a) shows mercury granules along the boundary between the junctional zone and the labyrinth zone (arrow heads) and in labyrinth trophoblast cells (open arrow). Higher magnification of (a) shows mercury granules in yolk sac epithelial cells (d, arrow), decidual cells (e, arrow), and endothelial cells (f, arrow). D: decidua; J: junctional zone; B: boundary between the junctional zone and the labyrinth zone; L: labyrinth zone. Autometallography. (a) ×120, (b) ×120, (c) ×180, (d) ×450, (e) ×450, (f) ×450.
decreasing salt concentrations (2 X SSC, 0.1 X SSC) for 5 and 10 minutes for each wash at 48 • C. The sections were washed in buffer and incubated with a blocking solution at RT for 30 minutes. Probes were detected by a 1:500 dilution of an 522 SHIMADA ET AL.
TOXICOLOGIC PATHOLOGY alkaline phosphatase-labeled anti-DIG antibody and visualized by NBT/X-phosphate as per the manufacturer's instructions. The sections were washed in TE buffer at RT for 5 minutes and postfixed with 4% paraformaldehyde at RT for 10 minutes, deionized water, counterstained with methylgreen, and dehydrated, and coverslips were applied with Permount.
The preparation of the above-mentioned DIG-labeled antisense and sense MT-III RNA probes was as follows: the plasmid was linearized with NotI for the T3 promoter (antisense MT-III probe), and Bam HI for the T7 promoter (sense MT-III probe), respectively. Single-stranded DIG-labeled cRNA probes were synthesized using a DIG RNA Labeling Mix (Boehringer Mannheim). The labeled probes were analyzed by subjection to electrophoresis through a 1% agarose gel, and incorporation of DIG into the probes was confirmed by dot blotting, as recommended by the manufacturer.
Ultrastructural Localization of Mercury Granules: 100µm-thick sections from 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)-fixed tissue blocks were cut on a microslicer. The sections were placed in a physical developer at 26 • C for 75-90 min in a dark box, rinsed in distilled water, and dipped in Farmer's solution (9 parts of 10% sodium thiosulfate plus 1 part of 10% potassium ferricyanide) for 10 seconds. Then tissues were postfixed in 1% osmium tetroxide, dehydrated in alcohol, and embedded in epoxy resin. Ultrathin sections were doublestained with uranyl acetate and lead citrate and examined with a JEM-100CX electron microscope (JEOL, Tokyo, Japan).
RESULTS

Light Microscopic and Electron Microscopic Localization of Mercury
No histological changes were observed in the placenta of either the MT-null or the wild-type mice. There were no differences in the distribution of mercury deposits in the placenta of MT-null and wild-type mice at 24 hours and 48 hours after exposure to Hg (Figures 1a, 1b) . Silver-mercury grains were mainly detected in the cytoplasms of the yolk sac, decidual cells in the deep layer of deciduas, and labyrinth trophoblast cells of both MT-null and wild-type mice exposed to mercury vapor (Figures 1c, 1d, 1e ). Occasional mercury deposits were shown in the maternal endothelial cells (Figure 1f ). Mercury deposits were also found along the boundary between the junctional and labyrinth zones (Figure 1c ) and occasionally on the surface of spongiotrophoblast cells and trophoblast giant cells. Control tissues showed no mercury grains. Vol. 32, No. 5, 2004 MERCURY AND METALLOTHIONEIN IN PLACENTA 523 Electron microscopy demonstrated silver-mercury grains between the space of spongiotrophoblast cells of the junctional zone and labyrinth trophoblast cells of the labyrinth zone (Figure 2a ) and the boundary of spongiotrophoblast cells (Figure 2b) . At higher magnification, mercury gran- ules were found to be present in the intercellular spaces between spongiotrophoblast cells and labyrinth trophoblast cells (Figure 2c ), on the high electron-dense substance in the intercellular spaces, and on the surface of microvilli of trophoblast cells (Figure 2d ). 524 SHIMADA ET AL.
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Immunohistochemical Localization of Placental MT
The placentas of wild-type mice taken at 24 hrs and 48 hrs after exposure to Hg • and those of nonexposed control mice showed similar MT immunoreactivity. In the tissue sections of wild-type placenta, MT-I and -II immunoreactivity dominated in yolk sac and decidual cells in the shallow and deep layers of deciduas (Figure 3a ). In the double stain using an autometallographical technique and an immuno-peroxidase method, both Hg granules and MT-I and -II immunoreactivity were shown in the yolk sac ( Figure 4a ) and decidual cells (Figure 4b ) in the deep layer of deciduas. No MT immunoreacitivity was observed in MT-null placenta (Figure 3b) . MT immunoreactivity was observed in both the nucleus and the cytoplasms of decidual cells and the yolk sac (Figures 3d, 3e,  3f ). Occasional glycogen cells, labyrinth trophoblast cells, and natural killer cells in deciduas showed very weak MT staining.
MT in situ Hybridization
Signals for MT-III mRNA were also observed in the yolk sac, deciduas, spongiotrophoblast cells ( Figure 5) , and occasional natural killer cells of both MT-null and wild-type mice. No signals were detected when the sense-strand MT-III mRNA probe was applied.
DISCUSSION
In the placenta, the mouse embryo is surrounded by tissues expressing the MT-I gene, such as deciduas, yolk sac, and spongiotrophoblast cells, suggesting that MT may play an important role in the establishment and maintenance of normal pregnancy (De et al., 1989) . In the present study, intense MT-I and -II immunoreactivity was localized in the yolk sac and in decidual cells in the shallow and deep layers of deciduas. In addition, in situ hybridization demonstrated signals for MT-III mRNA in the yolk sac, decidual cells, and spongiotrophoblast cells in both strains of mice.
In rodents, the yolk sac is an important route of transport for substances of large molecules, including immunoglobulin. In the study of cadmium exposure in pregnant rats, cadmium accumulated in the yolk sac, suggesting the yolk sac as a barrier for toxic heavy metals (Dencker et al., 1983) . Decidual cells in the placenta are generally considered to be hyperplastic endometrial stromal cells which have transformed into large, round to polygonal cells. A recent study using the technique Vol. 32, No. 5, 2004 MERCURY AND METALLOTHIONEIN IN PLACENTA 525 of in situ hybridization demonstrated the expression of all of the mouse MT gene family, MT-I, -II, -III, and -IV, in the secondary decidual zone (Liang et al., 1996) . MT in the deciduas may be responsible for the zinc and copper homeostasis during the early postimplantation period (De et al., 1989) . In the present study, co-localization of mercury granules and MT in the yolk sac and the deep layer of deciduas were demonstrated. MT in the yolk sac and decidual cells may play a role in prevention of the mercury transfer from dams to fetus by binding toxic heavy metals such as mercury and cadmium.
Numerous mercury granules were found along the boundary between the junctional zone and the labyrinth zone in the placentas of both MT-null mice and wild-type mice. Electron microscopy demonstrated silver-mercury grains in the high electron-dense substance in the intercellular spaces between trophoblast cells and on the surface of microvilli of trophoblast cells. The presence in the placenta of various metal-binding proteins has been reported. Also found, by gel filtration and ion exchange chromatography, were 2 metalbinding proteins bound with cadmium and zinc in human placenta (Chow et al., 1987) and, by gel filtration, highmolecular-weight cadmium binding proteins in the rat pla-centa (Mas and Sarkar, 1998) and a low-molecular-weight zinc-binding protein in the human placenta (Honey et al., 1994) . We have previously reported a gel filtration profile showing the presence of a high-molecular-weight protein capable of binding mercury (Yoshida et al., 2002) . In the MTnull placenta, a larger amount of mercury was found in the fraction of a high-molecular-weight protein than in the same fraction of the wild-type placenta (Yoshida et al., 2002) . In this context, it would be plausible that the high-molecularweight protein, being capable of binding mercury, may be present in mouse placenta, especially along the boundary between the junctional zone and the labyrinth zone, where a substantial amount of mercury was found. These results suggest that, in addition to placental MTs, other unknown molecules may be related to the barrier to the placental transfer of mercury.
